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Abstract
Context
Metabolic substrates and nutritional status play a major role in growth hormone (GH) secre-
tion. Uncovering the mechanisms involved in GH secretion following oral glucose (OG) ad-
ministration in normal and obese patients is a pending issue.
Objective
The aim of this study was to investigate GH after OG in relation with adiposity, insulin secre-
tion and action, and ghrelin secretion in obese and healthy women, to further elucidate the
mechanism of GH secretion after OG and the altered GH secretion in obesity.
Participants and Methods
We included 64 healthy and obese women. After an overnight fast, 75 g of OG were admin-
istered; GH, glucose, insulin and ghrelin were obtained during 300 minutes. Insulin secre-
tion and action indices and the area under the curve (AUC) were calculated for GH,
glucose, insulin and ghrelin. Univariate and multivariate linear regression analyses
were employed.
Results
The AUC of GH (μg/L•min) was lower in obese (249.8±41.8) than in healthy women
(490.4±74.6), P=0.001. The AUC of total ghrelin (pg/mL•min) was lower in obese
(240995.5±11094.2) than in healthy women (340797.5±37757.5), P=0.042. There were
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significant correlations between GH secretion and the different adiposity, insulin secre-
tion and action, and ghrelin secretion indices. After multivariate analysis only ghrelin AUC
remained a significant predictor for fasting and peak GH.
Introduction
Adiposity is associated with decreased growth hormone (GH) secretion [1]. The altered somato-
troph function of obesity is not permanent; it can be reversed by a return to normal weight [1].
The most striking secretory capacity appeared when obese subjects were treated with GH-
releasing hormone (GHRH) plus GH-Releasing Peptide-6, which resulted in a massive GH re-
sponse for obese subjects [2]. Clinical trials assessing the effects of GH treatment in patients with
obesity have shown reductions in total adipose tissue mass, especially abdominal and visceral ad-
ipose tissue depots [3]. In animals, an exacerbation of the age-associated decline in pulsatile GH
secretion has been found in high-fat-fed mice, as well as dietary-induced weight gain [4].
The mechanism of altered GH secretion in obesity is unclear. Insulin has been shown to re-
duce GH secretion in the animal model [5]. In humans, low-level insulin infusions, has been
found to reduce the GH response to GHRH in a dose-dependent manner [6]. Fasting insulin
and abdominal visceral fat are important predictors of integrated 24-h GH concentrations in
healthy adults [7]. Cornford et al found that overeating induced a rapid and sustained suppres-
sion of GH secretion. The reduction in GH secretion occurred before any change in body mass
and the markedly decreased GH secretion was accompanied by an increase in plasma insulin
concentration [8]. There is strong evidence that ghrelin stimulates appetite and increases circu-
lating GH across varied patient populations [9]. Studies to determine the effects of endogenous
ghrelin on the control of GH secretion have yielded conflicting results. Avram et al. [10] did
not observe any relationship with GH under fed or fasting conditions. Koutkia et al. [11] found
that there is a significant regularity in cosecretion between ghrelin and GH in the fasting state.
Misra et al. [12] found that fasting ghrelin is an independent predictor of basal GH secretion
and GH secretory burst frequency. Nass et al [13] found that under normal conditions in sub-
jects given regular meals, endogenous acylated ghrelin acts to increase the amplitude of GH
pulses. Ghrelin secretion is decreased in obesity [14] and could be responsible for altered GH
secretion in obesity.
The oral glucose tolerance test is a clinical model to study the different indices of insulin se-
cretion and action [15, 16], and is also an excellent stimulus for evaluating ghrelin [17] and GH
secretion. There is evidence that oral glucose (OG) administration affects GH secretion, initially
decreasing and subsequently stimulating GH secretion and in human obesity GH secretion
after OG is decreased [18]. With a single test we can study insulin, GH and ghrelin secretion.
Circulating plasma ghrelin increases before a meal and decreases following the consumption of
nutrients and after OG [17]. Insulin rises after OG and has been suggested to decrease circulat-
ing ghrelin levels [19]. Enhanced acylated ghrelin suppression persists for up to 2 years after
Roux-en-Y gastric bypass, and this effect is associated with decreased android obesity and im-
proved insulin secretion [20]. Ghrelin infused to levels occurring in physiologic states such as
starvation decreases insulin secretion [21]. Therefore, a possible role for insulin as a common
regulator of circulating ghrelin and GH after OG cannot be excluded. In preliminary studies in
a small number obese and healthy women, a significant correlations between post-oral glucose
GH secretion and ghrelin secretion have been found [22], although the putative contribution of
other factors like insulin secretion and action indices or leptin were not studied in depth.
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We hypothesized that among the variables known to regulate GH secretion in obesity, it
would be possible to determine the relative importance of the predictors that contribute to GH
secretion after oral glucose in women. Our aim was to study fasting GH concentrations and
their response to OG administration in relation with adiposity, insulin secretion and action in-
dices and ghrelin secretion in obese and healthy women, in order to elucidate the hypothetical
mechanism of GH secretion after OG and the altered GH secretion in obesity.
Patients and Methods
Patients
All the studies have been conducted in accordance with the Declaration of Helsinki. The
study protocol was approved by our centre0s ethical committee (Hospital A Coruña, Xunta
de Galicia), and written informed consent was obtained from all patients and controls. We
included a total of sixty-four women in our study. Forty obese women, aged 38.9±2.0 yrs.,
with a body mass index (BMI) of 37.7±1.0 kg/m2, were studied. As a control group, we stud-
ied twenty-four healthy women, selected from a pool of volunteers available to our unit, aged
37.1±2.4 yrs., and with a BMI of 22.9±0.5 kg/m2 (selected in a 2:1 ratio). Both groups were
homogeneous and only differed in terms of their BMI. None of the obese patients or controls
had diabetes mellitus or other medical problems, nor were they taking any drugs. The sub-
jects had been eating a weight-maintaining diet for several weeks prior to the study. We spe-
cifically tell the patients that they should maintain their usual eating and exercise habits
during the previous two weeks of the study.
Study procedure
Between 08.30 and 09.00 a.m., after an overnight fast and while seated, a peripheral venous line
was obtained. Fifteen minutes later 75 g of oral glucose were administered. All of the studies
were done during the first ten days from the beginning of the menstrual period. We obtained
blood samples for glucose, insulin, GH and ghrelin at baseline (fasting) and then at 30, 60, 90,
120, 150, 180, 210, 240, 270 and 300 minutes. Basal levels of leptin and insulin-like growth fac-
tor 1(IGF-1) were also measured. All blood samples were immediately centrifuged, separated
and frozen at -80°C. Samples destined to be used for the determination of plasma ghrelin were
specifically retrieved in chilled tubes containing aprotinin and EDTA-Na, and then immediate-
ly centrifuged at 4°C., separated to aliquots and frozen at -80°C. Mid-waist circumference was
measured as the midpoint between the iliac crest and the lowest rib, with the patient in the up-
right position. Total body fat was calculated through bioelectrical impedance analysis (BIA).
The independent variables examined included: age, gender, BMI, body fat, waist circumference,
fasting glucose, fasting insulin, HOMA-IR HOMA-β, Matsuda index, Glucose area under the
secretory curve (AUC), Insulin AUC, Insulin/Glucose AUC, fasting Ghrelin, ghrelin AUC.
Assays and other methods
Serum samples were collected and stored at-80 C. Serum GH (μg/L) was measured by a solid-
phase, two-site chemiluminescent enzyme immunometric assay (Immulite, EURO/DPC)
with a sensitivity of 0.01 μg/L and with intra-assay coefficients of variation of 5.3%, 6.0% and
6.5% for low, medium and high plasma GH levels respectively; and with inter-assay coeffi-
cients of variation of 6.5%, 5.5% and 6.6% for low, medium and high plasma GH levels re-
spectively. IGF-1 (ng/mL) was determined by a chemiluminescence assay (Nichols Institute,
San Clemente, CA, USA) and with intra-assay coefficients of variation of 4.8%, 5.2% and
4.4% for low, medium and high plasma IGF-1 levels respectively; and with interassay
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coefficients of variation of 7.7%, 7.4% and 4.7% for low, medium and high plasma IGF-I lev-
els respectively. Insulin (μU/mL) was measured with a solid-phase two-site chemilumines-
cent mmunometric assay (Immulite 2000 Insulin, DPC, Los Angeles, CA, USA) and with
intra-assay coefficients of variation of 5.5%, 3.3% and 3.7% for low, medium and high plasma
insulin levels respectively; and with inter-assay coefficients of variation of 7.3%, 4.1% and
5.3% for low, medium and high plasma insulin levels respectively. Leptin (ng/mL) was mea-
sured by radioimmunoassay (Mediagnost, Tubigen, Germany) and with intra-asay and inter-
assay coefficients of variation of 5.3% and 13.6% respectively. Total ghrelin (pg/ml) was mea-
sured by a commercially available radioimmunoassay (RIA) (Linco Research Inc., St Charles,
MO, USA), specific for total ghrelin, that uses 125I-labeled ghrelin tracer and rabbit antighre-
lin serum with a specificity of 100%, with an intra-assay coefficient of variation between
3.3– 10% and an inter-assay coefficient of variation between 14.7–17.8. Plasma glucose
(mg/dL) was measured with an automatic glucose oxidase method (Roche Diagnostics,
Mannheim, Germany). All samples from a given subject were analysed in the same assay run.
Calculations
The area under the secretory curve (AUC) was calculated with the trapezoidal rule (0–300
minutes).
Insulin sensitivity (IS) was measured with the following methods: HOMA-IR with the formu-
la: fasting serum insulin (μU/mL) x fasting plasma glucose (mmol/L)/22.5; quantitative IS check
index (QUICKI) with the formula: 1/[log insulin(μU/mL) + log glucose (mg/dL)]; Matsuda
index with the formula: 10,000/
p
(fasting plasma glucose (mmol/L) x fasting plasma insulin
(μU/mL)) x (mean plasma glucose0–120 x mean plasma insulin0–120). For HOMA-IR, lower val-
ues indicate higher IS; for QUICKI andMatsuda index, higher values indicate higher IS [15, 16].
Insulin secretion was estimated using the basal insulin values by the HOMA-β: [20 x fasting in-
sulin (μU/mL)]/[fasting plasma glucose (mmol/L)– 3.5]. Total insulin secretion after oral glucose
was calculated as the AUC after oral glucose and total glucose-adjusted insulin response after oral
glucose using the ratios of the areas of the insulin and glucose curves (AUC I/G) [15, 16].
Statistical analysis
Quantitative variables were expressed as mean (standard error) and median. Mann-Whitney
test was used to compare obese and control women with respect to biochemical data, hormonal
records and insulin secretion and action indices.
Association between GH secretion indices and the different adiposity, insulin secretion, in-
sulin action and ghrelin secretion indices was analyzed by means of Spearman’s Rho correla-
tion coefficient. The linearity of associations with GH secretion indices were additionally
explored by means of penalized cubic regression splines.
In the multivariate analysis, both linear regression and generalized additive (GAM) models
were used to investigate the variables associated with different GH secretion indices. In both re-
gression analyses, fasting GH, peak GH and GH area under the curve were log-transformed be-
cause of skewness. Mathematically, in GAMmodels some covariates can be replaced by
arbitrary smooth functions, so finally they were fitted to allow for nonlinear effects detected in
some of the variables studied.
Statistical analysis was carried out using the R 2.15.1 software (R Foundation for Statistical
Computing, Vienna, Austria) and the Statistical Package for Social Sciences version 19.0 for
Windows (IBM, Armonk, NY, USA). All statistical tests were two-sided. Only p-values<0.05
were considered as statistically significant.
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Results
The age and adiposity indices (mean±SE) of the healthy control group and patients are shown
in Table 1. Waist circumference (cm) was higher in the obese women than in healthy control
women; 108.8±2.1 vs 81.8±1.4 p<0.001, for the obese patients and control respectively.
Fasting serum levels
The fasting serum levels (mean±SE) are presented in Table 1.
Fasting total ghrelin (pg/mL) levels were lower in obese women than in healthy control
women; 889.4±45.5 vs 1317.6±163.9, p = 0.026, for the obese and healthy women respectively.
Fasting IGF-1 (ng/mL) levels were lower in obese women than in healthy control women;
130.0±9.2 vs 159.5±8.7, p = 0.01, for obese and healthy women respectively.
Serum levels after oral glucose. The post-oral glucose serum levels (mean±SE) are pre-
sented in Table 1. Glucose was higher in the obese women than in the healthy control women
after the 300 min OG (Fig. 1a).
Table 1. Age, adiposity indices, fasting and after oral glucose biochemical and hormonal data, and insulin secretion and action indices (mean
±SE) in obese patients and healthy control women.
Controln = 24 Obesen = 40
Mean(SE) Median Mean(SE) Median p
Age (years) 37.1 (2.4) 34.5 38.9 (2.0) 39.5 0.390
Body mass index (kg/m2) 22.9 (0.5) 22.8 37.7 (1.0) 36.2 <0.001
Waist (cm) 81.8 (1.4) 80.5 108.8 (2.1) 109.0 <0.001
Body fat mass (kg) 20.4 (1.3) 19.1 44.4 (2.0) 41.5 <0.001
Body fat (%) 30.3 (0.8) 29.2 45.3 (0.7) 45.1 <0.001
Fasting Glucose (mg/dL) 90.0 (2.0) 92.0 101.7 (2.7) 97.0 0.002
Fasting Insulin (μUI/mL) 5.3 (1.0) 4.3 15.1 (4.2) 10.6 <0.001
Fasting GH (μg/L) 2.1 (0.6) 0.7 0.9 (0.2) 0.5 0.152
Fasting IGF-1 (ng/mL) 159.5 (8.7) 160.5 130.0 (9.2) 120.5 0.010
Fasting Leptin (ng/mL) 22.8 (2.2) 20.3 67.3 (4.5) 67.3 <0.001
Fasting Ghrelin (pg/mL) 1317.6 (163.9) 1054.5 889.4 (45.5) 883.5 0.026
Peak GH (μg/L) 6.6 (0.8) 4.9 3.3 (0.5) 2.2 <0.001
AUC0–300 GH (μg/Lmin) 490.4 (74.6) 373.3 249.8 (41.8) 166.9 0.001
Peak Glucose (mg/dL) 153.2 (7.3) 149.0 174.7 (8.6) 160.5 0.155
AUC0–300 Glucose (mg/dLmin) 28718.7 (1072.0) 29370.0 33794.2 (1574.8) 31725.0 0.005
Peak Insulin (μUI/mL) 61.3 (8.4) 49.7 100.7 (9.3) 80.6 0.001
AUC0–300 Insulin (μUI/mLmin) 7668.2 (1125.6) 6385 12392.6 (947.9) 11173.0 <0.001
HOMA-β 67.4 (8.9) 67.5 111.6 (10.6) 103.9 0.008
AUC0–300 Insulin/glucose (μUI/mL)/ (mg/dL)min 0.23 (0.02) 0.2 0.4 (0.03) 0.3 <0.001
HOMAir 1.2 (0.2) 0.8 2.9 (0.3) 2.5 <0.001
QUICKI 0.4 (0.01) 0.4 0.3 (0.01) 0.3 <0.001
Matsuda Index 13.1 (1.1) 12.4 5.3 (0.4) 4.8 <0.001
Nadir ghrelin (pg/mL) 886.1 (100.1) 756.0 660.0 (35.4) 684.0 0.124
AUC0–300 ghrelin (pg/mLmin) 340797.5 (37757.5) 280372.5 240995.5 (11094.2) 242325.0 0.042
SE: Standard Error, AUC0–300, area under the secretory curve between time 0–300 min
doi:10.1371/journal.pone.0121087.t001
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Insulin secretion and action indices
The insulin secretion and action indices (mean±SE) are presented in Table 1. HOMA-β levels
were higher in obese women than in healthy women; 111.6±10.6 vs 67.4±8.9, p = 008, for the
obese and healthy women respectively. AUC0–300 Insulin/glucose ((μU/mL)/(mg/dL)min) lev-
els were higher in the obese women than in the healthy control women; 0.4±0.03 vs 0.23±0.02,
P<0.001, for the obese and healthy women respectively. HOMA-IR levels were higher in the
obese women than in the healthy control women; 2.9±0.3 vs 1.2±0.2, p<0.001, for the obese
and healthy women respectively. Matsuda index was lower in the obese women than in the
healthy control women; 5.3±0.4 vs 13.1±1.1, P<0.001, for the obese and healthy
women respectively.
Correlations
There were significant association between GH secretion indices and the different adiposity, in-
sulin secretion, insulin action and ghrelin secretion indices (Table 2).
The linearity of associations with GH secretion indices were additionally explored by means
of penalized cubic regression splines (Fig. 3).
Due to the significant correlations between the different adiposity indices, insulin secretion
indices, insulin action indices and ghrelin, multivariate analysis was used with both linear re-
gression and generalized additive (GAM) models in order to quantitatively assess the individu-
al contribution that each predictive measure made to explain the variability among the values
of GH secretion indices (fasting, peak, AUC) while in the presence of the remaining predictors.
Fig 1. Mean±SE plasma glucose (a; mg/dL), insulin (b; μU/mL) GH (c; μg/L) and total ghrelin levels (d; pg/mL) in normal (grey) and obese women
(black) during the prolongued oral glucose tolerance test. * p<0.05 between normal and obese women at that time point. Insulin was higher in the obese
women than in the healthy control women after the 300 min OG (Fig. 1b). GH was lower in the the obese women than in the healthy control women after OG
(Fig. 1c). The AUC of GH (μg/Lmin) between 0 and 300 min was lower in the obese patients than in the controls; 249.8±41.8 vs 490.4±74.6, P = 0.001, for
the obese patients and controls respectively. Peak GH (μg/L) levels were lower in the obese than in the healthy women, 3.3±0.5 vs 6.6±0.8 p<0.001, for the
obese and healthy women respectively. Total ghrelin was lower in the obese women than in the healthy women after OG (Fig. 1d). The AUC of total ghrelin
(pg/mLmin) between 0 and 300 min was lower in the obese patients than in the controls; 240995.5±11094.2 vs 340797.5±37757.5, P = 0.042, for the obese
and healthy women respectively (Fig. 2).
doi:10.1371/journal.pone.0121087.g001
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In the presence of IGF-I, adiposity indices (waist circumference), insulin sensitivity (Matsuda
index) and ghrelin secretion (ghrelin AUC/100.000), only ghrelin AUC remained a significant
predictor for fasting GH and Peak GH, and was borderline significant for GH AUC (Table 3).
Discussion
By studying a relative large cohort of women, we have found that after OG in healthy and
obese women, both ghrelin and GH secretion are decreased. There was a significant association
between the GH secretion indices and the different adiposity, insulin secretion, insulin action
indices and ghrelin secretion. After multivariate analysis, only ghrelin secretion remained a sig-
nificant predictor for both fasting and peak GH. These data suggest that circulating ghrelin is
an important regulator of GH secretion after OG in women, and that the decreased GH secre-
tion in obesity after OG is probably due to the altered ghrelin secretion found in obese women.
Taken together, these data further reinforces the importance of metabolic signals and nutri-
tional status in GH secretion which in turn could influence the perpetuation and/or further de-
velopment of the obese state.
The primary cause of impaired GH secretion in obesity could be an altered hypothalamus,
abnormal pituitary function, or a perturbation of the peripheral signals acting at either the pi-
tuitary or hypothalamic level. There are three important peripheral signals that could partici-
pate in the altered GH secretion of obesity, leptin, insulin and ghrelin. Iranmanesh et al studied
GH secretion during 6 h. after OG in men [23]. They found that glucose-suppressed nadir GH
concentrations and postglucose rebound-like peak GH release in men are strongly determined
by selective metabolic surrogates, especially including adipose visceral fat, adiponectin, leptin
Table 2. Correlations between GH secretion indices (Peak: μg/L and AUC: μg/Lmin) and the different adiposity indices, insulin secretion
indices, insulin action indices and ghrelin (Nadir: pg/mL and AUC: pg/mLmin) secretion in the entire group of healthy and obese women.
GH Fasting GH Peak GH AUC0–300
Rho p Rho p Rho p
IGF-1 -0.062 0.635 0.279 0.028 0.323 0.010
BMI -0.214 0.095 -0.564 <0.001 -0.499 <0.001
Waist circumference -0.197 0.124 -0.560 <0.001 -0.465 <0.001
Total body Fat (%) -0.227 0.076 -0.479 <0.001 -0.414 0.001
Total body Fat mass -0.241 0.059 -0.561 <0.001 -0.500 <0.001
Leptin -0.218 0.094 -0.425 0.001 -0.419 0.001
Fasting glucose -0.287 0.024 -0.582 <0.001 -0.552 <0.001
Fasting Insulin -0.248 0.052 -0.482 <0.001 -0.511 <0.001
Homa-β -0.160 0.214 -0.220 0.086 -0.268 0.035
AUC Insulin0–300 -0.155 0.228 -0.408 0.001 -0.449 <0.001
AUC Insulin/Glucose0–300 -0.115 0.373 -0.245 0.055 -0.294 0.020
Homa-IR -0.252 0.059 -0.540 <0.001 -0.575 <0.001
QUICKI 0.242 0.059 0.523 <0.001 0.552 <0.001
Matsuda Index 0.243 0.057 0.553 <0.001 0.559 <0.001
Disposition index 0.213 0.097 0.468 <0.001 0.431 <0.001
Fasting Ghrelin 0.386 0.002 0.450 <0.001 0.443 <0.001
Nadir Ghrelin 0.401 0.001 0.341 0.007 0.371 0.003
Ghrelin AUC0–300 0.001 0.412 0.001 0.409 0.001 0.399
Rho: Spearman’s Rho correlation coefﬁcient; AUC0–300, area under the secretory curve between time 0–300 min.
doi:10.1371/journal.pone.0121087.t002
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and sex hormone binding globulin (SHBG). Our data are in accordance with their suggestion
that the most likely mechanism of rebound GH secretion after glucose ingestion is delayed en-
dogenous ghrelin drive under waining somatostatin restraint. The best established action of ex-
ogenously administered ghrelin is its potent stimulation of pituitary GH secretion [9]. In
humans a GHSRmissense mutation, which impairs the constitutive activity of the GHS-R, is
associated with short stature [24]. Several studies have investigated the relationship between
ghrelin and GH secretion. Espelund et al. [25], did not find a correlation between ghrelin and
GH under fasting conditions. Avram et al. [10] did not observe any relationship with GH
under fed or fasting conditions. Their differing results may be connected with protocol differ-
ences, and also their study population included both men and women. Koutkia et al. [11]
found that there is a significant regularity in cosecretion between ghrelin and GH in the fasted
state; however, this was only found during the night. Misra et al. [12], using deconvolution
analysis for GH and total ghrelin in healthy adolescents and adolescents with anorexia, found
that fasting ghrelin is an independent predictor of basal GH secretion and GH secretory burst
frequency. In studies carried out on 8 healthy young men, Nass et al [13] found a significant re-
lationship between GH secretion peak amplitudes and mean circulating acylated ghrelin levels
during the fed condition. In agreement with our results in healthy and obese women, they con-
clude that under normal conditions in subjects given regular meals, endogenous ghrelin acts to
increase the amplitude of GH pulses. Studies in mice without the Ghrelin O-acyltransferase
gene (Mgoat) have found that an essential function of ghrelin in mice is elevation of GH levels
during severe calorie restriction, thereby preserving blood glucose and preventing death [26].
On the other hand, it has been recently found that with normal aging, endogenous acyl-ghrelin
levels are less tightly linked to GH regulation [27], indicating that the physiological role of
ghrelin on GH regulation is age dependent.
In experimental animals, leptin stimulates GH secretion [28] and in clinical studies exoge-
nous leptin failed to inhibit fasting-stimulated GH secretion [29]. The negative GH-leptin rela-
tionship observed in some studies probably reflects the known inverse correlation between
total body fat and GH. It has been found after oral glucose that fasting and initial GH secretion
and fasting leptin levels were higher in women than in men, suggesting that leptin does not
participate in the sexual dimorphism of GH secretion after oral glucose [30]. In addition,
Fig 2. Mean±SE plasmaGH AUC0–300 (pg/mLmin) and Ghrelin AUC0–300 (pg/mLmin) in normal (grey) and obese women (black) during the
prolongued oral glucose tolerance test. * p<0.05 between normal and obese women.
doi:10.1371/journal.pone.0121087.g002
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Table 3. Generalized additive regression (GAM) model for GH secretion indices (log-transformed).
Fasting GH (log(μg/L)) Peak GH (log(μg/L)) AUC0–300 GH (log(μUI/mLmin))
B SE p B SE p B SE p
Intercept -3.266 0.896 <0.001 2.398 0.846 0.007 5.871 0.897 <0.001
Age (years) 0.011 0.017 0.537 -0.012 0.008 0.148 -0.009 0.008 0.280
IGF-1* - - 0.993 - - 0.231 - - 0.138
Waist circumference* - - 0.149 -0.012 0.007 0.097 -0.005 0.008 0.491
Matsuda Index 0.098 0.055 0.080 - - 0.150 - - 0.139
GhrelinAUC0–300 (/100.000) 0.430 0.160 0.010 0.159 0.077 0.045 0.162 0.081 0.053
*Introduced as a non-linear term in the model
AUC0–300, area under the secretory curve between time 0–300 min; B, linear regression coefﬁcient; SE, standard error
doi:10.1371/journal.pone.0121087.t003
Fig 3. Relationship between GH secretion indices (log-transformed) and IGF-I, waist circumference,
Matsuda index and Ghrelin AUC0–300 data. Univariate generalized additive regression (GAM) models.
A clear linear association between ghrelin AUC and the different indices of GH secretion (log-transformed)
was found (Fig. 3).
doi:10.1371/journal.pone.0121087.g003
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treatment with recombinant growth hormone in patients with growth hormone deficiency de-
creased fat mass and leptin levels [31]. Taken together, all these data are in accordance with
our results indicating that leptin does not participate in the decreased GH secretion in obesity.
Insulin treatment inhibits GH release and reduces mRNA expression of GH, GHRH receptor
and GHSR in primary cultures isolated from non-human primates [5]. In male mice, impaired
pulsatile GH secretion occurs alongside progressive weight gain and thus precedes the develop-
ment of obesity. In a similar way to our results in women, an inverse relationship between mea-
sures of pulsatile GH secretion and body weight, circulating levels of leptin and insulin has
been demonstrated in mice [32]. Many indices in the study by Iranmanesh et al [23] point to
insulin resistance (hyperinsulinemia) being involved in alterations in GH output, however, nei-
ther insulin concentrations nor HOMA-IR correlated with rebound GH secretion. Moreover,
in the interesting study by Cornford et al, the reduction in GH secretion did not correlate with
the increased insulin levels [8]. Other factors like sex steroids, GHRH, somatostatin, IGF-1,
and IGFBP-1 could modulate ghrelin's control of GH secretion, as has been found in in healthy
elderly men [33]. In addition, free fatty acids have been found to participate in GH hyposecre-
tion in obesity [34].
The suppression of GH secretion in obesity may have important metabolic impact. We be-
lieve that this study employing multivariate analysis with both linear regression and general-
ized additive model strongly suggests that ghrelin secretion is an important peripheral
regulator of GH secretion after oral glucose in healthy and obese women. The relationship be-
tween ghrelin, which increases food intake, and GH found during the late fed state would be
beneficial to humans, as the anabolic changes induced by GH requires the presence of adequate
nutrition [13, 25]. The findings of this study reveal that there is a significant correlation be-
tween ghrelin and GH secretion after OG in obese women, suggesting that the decreased ghre-
lin secretion in obesity is one of the mechanisms responsible for altered GH secretion in
obesity. The recovery of the GH IGF-1 axis after weight loss suggests an acquired defect; how-
ever the decreased stimulation of GH release in obese subjects may promote the retention of fat
mass, and contribute to perpetuation of the obese state. In premenopausal women with obesity,
peak GH is inversely associated with intramyocellular and intrahepatic lipids. This suggests
that low GHmay contribute to insulin resistance in obesity through effects on muscle and
intrahepatic lipids [35]. In the long-term, the functional GH deficiency could lead to a vicious
circle, and to deterioration of the beta cell mass, and participating in the development of diabe-
tes [36]. OG as a GH stimulus could have important clinical implications, as suggested by Iran-
manesh et al [23]. This GH stimulus could be employed in clinical practice, and may provide a
low risk means of evaluating endogenously regulated GH secretion without requiring the injec-
tion of insulin, GHRH, GHRP, or arginine in childhood, pregnancy or frail older adults.
Because our study was not interventional and the analysis is based on correlation, we cannot
completely exclude the existence of one common or several separate factors that control both
GH release and circulating ghrelin levels simultaneously. Therefore, a possible role for insulin
as a common regulator of circulating ghrelin and GH after OG cannot be completely excluded,
even though the correlation between GH and ghrelin persisted after adjusting for insulin. An-
other limitation is that we did not measure acylated ghrelin. Although acylated ghrelin has
proved to be the biologically active form in the control of GH secretion, most of the leading
studies on the correlation between GH and ghrelin secretion have focused on the estimation of
total ghrelin [11, 12, 25, 37, 38] and there are concerns regarding the specificity of available
acyl-ghrelin assays and, more importantly, the stability of plasma acylated ghrelin once collect-
ed [39]. In this sense, acylated ghrelin levels have been found normal or increased [40–42] but
also decreased [43–45] in obesity. The present study has been done only in women, so the pres-
ent results should not be extrapolated to men.
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Conclusions
These data suggest that ghrelin secretion is an important regulator of GH secretion after oral
glucose in women, and that the decreased GH secretion of obesity after oral glucose is probably
due to the altered ghrelin levels found in obese patients.
Author Contributions
Conceived and designed the experiments: LPB SPD EOB JGB CD FC. Performed the experi-
ments: LPB EOB FC. Analyzed the data: LPB SPD EOB JGB ST SSA CD FC. Contributed re-
agents/materials/analysis tools: SPD JGB ST SSA CD FC. Wrote the paper: LPB SPD EOB ST
SSA CD FC.
References
1. Rasmussen MH, Hvidberg A, Juul A, Main KM, Gotfredsen A, Skakkebaek NE, et al. Massive weight
loss restores 24-hour growth hormone release profiles and serum insulin-like growth factor-I levels in
obese subjects. J Clin Endocrinol Metab. 1995; 80(4):1407–15. Epub 1995/04/01. PMID: 7536210
2. Cordido F, Penalva A, Dieguez C, Casanueva FF. Massive growth hormone (GH) discharge in obese
subjects after the combined administration of GH-releasing hormone and GHRP-6: evidence for a
marked somatotroph secretory capability in obesity. J Clin Endocrinol Metab. 1993; 76(4):819–23.
Epub 1993/04/01. PMID: 8473389
3. Berryman DE, Glad CA, List EO, Johannsson G. The GH/IGF-1 axis in obesity: pathophysiology and
therapeutic considerations. Nat Rev Endocrinol. 2013; 9(6):346–56. Epub 2013/04/10. doi: 10.1038/
nrendo.2013.64 PMID: 23568441
4. Huang L, Steyn FJ, Tan HY, Xie TY, Veldhuis JD, Ngo ST, et al. The Decline in Pulsatile GH Secretion
throughout Early Adulthood in Mice Is Exacerbated by Dietary-InducedWeight Gain. Endocrinology.
2012; 153(9):4380–8. Epub 2012/07/18. doi: 10.1210/en.2012-1178 PMID: 22802464
5. Luque RM, Gahete MD, Valentine RJ, Kineman RD. Examination of the direct effects of metabolic fac-
tors on somatotrope function in a non-human primate model, Papio anubis. J Mol Endocrinol. 2006; 37
(1):25–38. Epub 2006/08/12. PMID: 16901921
6. Lanzi R, Manzoni MF, Andreotti AC, Malighetti ME, Bianchi E, Sereni LP, et al. Evidence for an inhibito-
ry effect of physiological levels of insulin on the growth hormone (GH) response to GH-releasing hor-
mone in healthy subjects. J Clin Endocrinol Metab. 1997; 82(7):2239–43. Epub 1997/07/01. PMID:
9215300
7. Clasey JL, Weltman A, Patrie J, Weltman JY, Pezzoli S, Bouchard C, et al. Abdominal visceral fat and
fasting insulin are important predictors of 24-hour GH release independent of age, gender, and other
physiological factors. J Clin Endocrinol Metab. 2001; 86(8):3845–52. Epub 2001/08/15. PMID:
11502822
8. Cornford AS, Barkan AL, Horowitz JF. Rapid suppression of growth hormone concentration by over-
eating: potential mediation by hyperinsulinemia. J Clin Endocrinol Metab. 2011; 96(3):824–30. Epub
2011/01/07. doi: 10.1210/jc.2010-1895 PMID: 21209037
9. Garin MC, Burns CM, Kaul S, Cappola AR. The Human ExperienceWith Ghrelin Administration. Jour-
nal of Clinical Endocrinology & Metabolism. 2013; 98(5):1826–37
10. Avram AM, Jaffe CA, Symons KV, Barkan AL. Endogenous circulating ghrelin does not mediate growth
hormone rhythmicity or response to fasting. J Clin Endocrinol Metab. 2005; 90(5):2982–7. Epub 2005/
02/17. PMID: 15713719
11. Koutkia P, Schurgin S, Berry J, Breu J, Lee BS, Klibanski A, et al. Reciprocal changes in endogenous
ghrelin and growth hormone during fasting in healthy women. Am J Physiol Endocrinol Metab. 2005;
289(5):E814–22. Epub 2005/06/24. PMID: 15972272
12. Misra M, Miller KK, Kuo K, Griffin K, Stewart V, Hunter E, et al. Secretory dynamics of ghrelin in adoles-
cent girls with anorexia nervosa and healthy adolescents. Am J Physiol Endocrinol Metab. 2005; 289
(2):E347–56. Epub 2005/03/10. PMID: 15755766
13. Nass R, Farhy LS, Liu J, Prudom CE, Johnson ML, Veldhuis P, et al. Evidence for acyl-ghrelin modula-
tion of growth hormone release in the fed state. J Clin Endocrinol Metab. 2008; 93(5):1988–94. Epub
2008/03/13. doi: 10.1210/jc.2007-2234 PMID: 18334589
14. Karra E, Batterham RL. The role of gut hormones in the regulation of body weight and energy homeo-
stasis. Mol Cell Endocrinol. 2010; 316(2):120–8. Epub 2009/07/01. doi: 10.1016/j.mce.2009.06.010
PMID: 19563862
Effect of Oral Glucose Administration on GH Release
PLOS ONE | DOI:10.1371/journal.pone.0121087 March 17, 2015 11 / 13
15. Oliveira CRP, Salvatori R, Barreto-Filho JAS, Rocha IES, Mari A, Pereira RMC, et al. Insulin Sensitivity
and β-Cell Function in Adults with Lifetime, Untreated Isolated Growth Hormone Deficiency. Journal of
Clinical Endocrinology & Metabolism. 2012; 97(3):1013–9.
16. Defronzo RA, Tripathy D, Schwenke DC, Banerji M, Bray GA, Buchanan TA, et al. Prediction of diabe-
tes based on baseline metabolic characteristics in individuals at high risk. Diabetes Care. 2013; 36
(11):3607–12. Epub 2013/09/26. doi: 10.2337/dc13-0520 PMID: 24062330
17. Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka M, et al. Plasma ghrelin levels in lean
and obese humans and the effect of glucose on ghrelin secretion. J Clin Endocrinol Metab. 2002; 87
(1):240–4. Epub 2002/01/15. PMID: 11788653
18. Grottoli S, Procopio M, Maccario M, Zini M, Oleandri SE, Tassone F, et al. In obesity, glucose load
loses its early inhibitory, but maintains its late stimulatory, effect on somatotrope secretion. J Clin Endo-
crinol Metab. 1997; 82(7):2261–5. Epub 1997/07/01. PMID: 9215304
19. McLaughlin T, Abbasi F, Lamendola C, Frayo RS, Cummings DE. Plasma ghrelin concentrations are
decreased in insulin-resistant obese adults relative to equally obese insulin-sensitive controls. J Clin
Endocrinol Metab. 2004; 89(4):1630–5. Epub 2004/04/09. PMID: 15070922
20. Malin SK, Samat A, Wolski K, Abood B, Pothier CE, Bhatt DL, et al. Improved acylated ghrelin suppres-
sion at 2 years in obese patients with type 2 diabetes: effects of bariatric surgery vs standard medical
therapy. Int J Obes (Lond). 2014; 38(3):364–70. Epub 2013/10/30. doi: 10.1038/ijo.2013.196 PMID:
24166065
21. Tong J, Prigeon RL, Davis HW, Bidlingmaier M, Tschöp MH, D'Alessio D. Physiologic Concentrations
of Exogenously Infused Ghrelin Reduces Insulin Secretion Without Affecting Insulin Sensitivity in
Healthy Humans. Journal of Clinical Endocrinology & Metabolism. 2013; 98(6):2536–43.
22. Outeirino-Blanco E, Garcia-Buela J, Sangiao-Alvarellos S, Pertega-Diaz S, Martinez-Ramonde T, Cor-
dido F. Growth hormone, ghrelin and peptide YY secretion after oral glucose administration in healthy
and obese women. HormMetab Res. 2011; 43(8):580–6. Epub 2011/06/15. doi: 10.1055/s-0031-
1279779 PMID: 21667426
23. Iranmanesh A, Lawson D, Veldhuis JD. Distinct Metabolic Surrogates Predict Basal and Rebound GH
Secretion after Glucose Ingestion in Men. Journal of Clinical Endocrinology & Metabolism. 2012; 97
(6):2172–9.
24. Pantel J, Legendre M, Nivot S, Morisset S, Vie-Luton MP, le Bouc Y, et al. Recessive isolated growth
hormone deficiency and mutations in the ghrelin receptor. J Clin Endocrinol Metab. 2009; 94(11):4334–
41. Epub 2009/10/01. doi: 10.1210/jc.2009-1327 PMID: 19789204
25. Espelund U, Hansen TK, Hojlund K, Beck-Nielsen H, Clausen JT, Hansen BS, et al. Fasting unmasks a
strong inverse association between ghrelin and cortisol in serum: studies in obese and normal-weight
subjects. J Clin Endocrinol Metab. 2005; 90(2):741–6. Epub 2004/11/04. PMID: 15522942
26. Zhao TJ, Liang G, Li RL, Xie X, Sleeman MW, Murphy AJ, et al. Ghrelin O-acyltransferase (GOAT) is
essential for growth hormone-mediated survival of calorie-restricted mice. Proc Natl Acad Sci U S A.
2010; 107(16):7467–72. Epub 2010/03/17. doi: 10.1073/pnas.1002271107 PMID: 20231469
27. Nass R, Farhy LS, Liu J, Pezzoli SS, Johnson ML, Gaylinn BD, et al. Age-dependent decline in acyl-
ghrelin concentrations and reduced association of acyl-ghrelin and growth hormone in healthy older
adults. J Clin Endocrinol Metab. 2014; 99(2):602–8. Epub 2013/11/29. doi: 10.1210/jc.2013-3158
PMID: 24285677
28. Carro E, Senaris R, Considine RV, Casanueva FF, Dieguez C. Regulation of in vivo growth hormone
secretion by leptin. Endocrinology. 1997; 138(5):2203–6. Epub 1997/05/01. PMID: 9112421
29. Chan JL, Heist K, DePaoli AM, Veldhuis JD, Mantzoros CS. The role of falling leptin levels in the neuro-
endocrine and metabolic adaptation to short-term starvation in healthy men. J Clin Invest. 2003; 111
(9):1409–21. Epub 2003/05/03. PMID: 12727933
30. Outeirino-Blanco E, Garcia-Buela J, Sangiao-Alvarellos S, Brandon I, Pena L, Pertega-Diaz S, et al.
Sexual dimorphism on growth hormone secretion after oral glucose administration. HormMetab Res.
2012; 44(7):533–8. Epub 2012/02/22. doi: 10.1055/s-0032-1304578 PMID: 22344623
31. Roemmler J, Gockel A, Otto B, Bidlingmaier M, Schopohl J. Effects on metabolic variables after 12-
month treatment with a new once-a-week sustained-release recombinant growth hormone (GH:
LB03002) in patients with GH deficiency (GHD). Clin Endocrinol (Oxf). 2011. Epub 2011/06/21.
32. Steyn FJ, Xie TY, Huang L, Ngo ST, Veldhuis JD, Waters MJ, et al. Increased adiposity and insulin cor-
relates with the progressive suppression of pulsatile GH secretion during weight gain. J Endocrinol.
2013; 218(2):233–44. Epub 2013/05/28. doi: 10.1530/JOE-13-0084 PMID: 23708999
33. Veldhuis JD, Norman C, Miles JM, Bowers CY. Sex Steroids, GHRH, Somatostatin, IGF-I, and IGFBP-
1 Modulate Ghrelin's Dose-Dependent Drive of Pulsatile GH Secretion in Healthy Older Men. Journal of
Clinical Endocrinology & Metabolism. 2012; 97(12):4753–60.
Effect of Oral Glucose Administration on GH Release
PLOS ONE | DOI:10.1371/journal.pone.0121087 March 17, 2015 12 / 13
34. Cordido F, Fernandez T, Martinez T, Penalva A, Peino R, Casanueva FF, et al. Effect of acute pharma-
cological reduction of plasma free fatty acids on growth hormone (GH) releasing hormone-induced GH
secretion in obese adults with and without hypopituitarism. J Clin Endocrinol Metab. 1998; 83
(12):4350–4. Epub 1998/12/16. PMID: 9851776
35. Bredella MA, Torriani M, Thomas BJ, Ghomi RH, Brick DJ, Gerweck AV, et al. Peak growth hormone-
releasing hormone-arginine-stimulated growth hormone is inversely associated with intramyocellular
and intrahepatic lipid content in premenopausal women with obesity. J Clin Endocrinol Metab. 2009; 94
(10):3995–4002. Epub 2009/07/16. doi: 10.1210/jc.2009-0438 PMID: 19602559
36. Cordoba-Chacon J, Gahete MD, Pokala NK, Geldermann D, Alba M, Salvatori R, et al. Long- But Not
Short-Term Adult-Onset, Isolated GH Deficiency in Male Mice Leads to Deterioration of beta-Cell Func-
tion, Which Cannot Be Accounted for by Changes in beta-Cell Mass. Endocrinology. 2014; 155
(3):726–35. Epub 2014/01/16. doi: 10.1210/en.2013-1825 PMID: 24424062
37. van der Klaauw AA, Keogh JM, Henning E, Blackwood A, Haqq AM, Purnell JQ, et al. Postprandial
Total Ghrelin Suppression Is Modulated by Melanocortin Signaling in Humans. Journal of Clinical Endo-
crinology & Metabolism. 2013; 98(2):E288–E92.
38. Gibbons C, Caudwell P, Finlayson G, Webb D-L, Hellström PM, Näslund E, et al. Comparison of Post-
prandial Profiles of Ghrelin, Active GLP-1, and Total PYY to Meals Varying in Fat and Carbohydrate
and Their Association With Hunger and the Phases of Satiety. Journal of Clinical Endocrinology & Me-
tabolism. 2013; 98(5):E847–E55.
39. Blatnik M, Soderstrom CI. A practical guide for the stabilization of acylghrelin in human blood collec-
tions. Clin Endocrinol (Oxf). 2011; 74(3):325–31. Epub 2010/11/06. doi: 10.1111/j.1365-2265.2010.
03916.x PMID: 21050250
40. Rodriguez A, Gomez-Ambrosi J, Catalan V, Gil MJ, Becerril S, Sainz N, et al. Acylated and desacyl
ghrelin stimulate lipid accumulation in human visceral adipocytes. Int J Obes (Lond). 2009; 33(5):541–
52. Epub 2009/02/25. doi: 10.1038/ijo.2009.40 PMID: 19238155
41. Pacifico L, Poggiogalle E, Costantino F, Anania C, Ferraro F, Chiarelli F, et al. Acylated and nonacy-
lated ghrelin levels and their associations with insulin resistance in obese and normal weight children
with metabolic syndrome. Eur J Endocrinol. 2009; 161(6):861–70. Epub 2009/09/24. doi: 10.1530/EJE-
09-0375 PMID: 19773372
42. Barazzoni R, Zanetti M, Nagliati C, Cattin MR, Ferreira C, Giuricin M, et al. Gastric bypass does not nor-
malize obesity-related changes in ghrelin profile and leads to higher acylated ghrelin fraction. Obesity
(Silver Spring). 2013; 21(4):718–22. Epub 2013/05/29. doi: 10.1002/oby.20272 PMID: 23712974
43. Arafat AM, Weickert MO, Adamidou A, Otto B, Perschel FH, Spranger J, et al. The Impact of Insulin-In-
dependent, Glucagon-Induced Suppression of Total Ghrelin on Satiety in Obesity and Type 1 Diabetes
Mellitus. Journal of Clinical Endocrinology & Metabolism. 2013; 98(10):4133–42.
44. Marzullo P, Verti B, Savia G, Walker GE, Guzzaloni G, Tagliaferri M, et al. The relationship between ac-
tive ghrelin levels and human obesity involves alterations in resting energy expenditure. J Clin Endocri-
nol Metab. 2004; 89(2):936–9. Epub 2004/02/07. PMID: 14764817
45. Martos-Moreno GA, Barrios V, Martinez G, Hawkins F, Argente J. Acylated ghrelin levels in pre-puber-
tal obese children at diagnosis and after weight reduction: effect of oral glucose ingestion. J Endocrinol
Invest. 2011; 34(2):117–23. Epub 2010/06/30. doi: 10.3275/7139 PMID: 20585204
Effect of Oral Glucose Administration on GH Release
PLOS ONE | DOI:10.1371/journal.pone.0121087 March 17, 2015 13 / 13
